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Highly hydrophilic compounds, with multiple carboxylic, hydroxylic, or aminic groups, have
been determined at ultratrace level (3–30 fmol injected) in aqueous solution by direct
derivatization with 2,2,3,3,4,4,5,5-octafluoropentyl chloroformate, followed by n-hexane ex-
traction and analysis by gas chromatography-electron capture negative ion mass spectrometry
(GC-ECNI-MS). The products have high molecular weights, but also high volatility, making
their elution from the GC column efficient. The derivatizing agent was synthesized from the
corresponding alcohol and phosgene. The derivatization reaction is catalyzed by a pyridine
solution of N,N-dicyclohexylcarbodiimide. At 200 °C ion-source temperature, most negative
ion mass spectra showed only a weak or no molecular ion, but a controlled and interpretable
fragmentation, allowing the derivatives to be easily monitored by high-mass ion chromato-
grams. Typical distinctive fragments are located in the m/z 500–800 mass range. Optimization
of the operating conditions for the derivatization was performed. This was done in order to
minimize number and intensity of peaks due to the hydrolysis of chloroformate in the total ion
chromatogram. Calibration curves proved linear over two orders of magnitude concentration.
(J Am Soc Mass Spectrom 1999, 10, 1328–1336) © 1999 American Society for Mass
Spectrometry
New analytical strategies for determining struc-ture and composition of hydrophilic compo-nents in aqueous solutions are increasingly
requested in many application fields of chemistry. A
specific problem is the determination of known and
unknown pollutants present at trace level in potable
water as well as environmental marine or fresh water
samples. These samples can become contaminated from
interactions of humic or anthropogenic substances with
disinfection chemicals [1–3]. The identification and de-
tection of small and highly hydrophilic substances in
such matrices represents a challenging task especially
when no extraction technique can be successfully ap-
plied to concentrate the pollutants.
In order to exploit the high separation efficiency of
capillary gas chromatography (GC) and the selectivity,
sensitivity and structural information of mass spec-
trometry (MS) in conditions (polar substances, water
solutions) traditionally not suitable for such instrumen-
tation, we proposed an analytical approach based on a
one-step simultaneous derivatization of carboxylic, hy-
droxylic, and aminic functional groups, executed di-
rectly in the original water matrix, followed by solvent
extraction and GC-MS determination [4–7]. The key
factor of this procedure is the selection of the derivatiz-
ing agent, n-hexyl chloroformate (HCF). HCF trans-
forms the carboxylic acids into the corresponding n-
hexyl esters, alcohols and phenols into n-hexyl
carbonates, and amines into n-hexyl carbamates. Other
chloroformates have been extensively used as deriva-
tizing agents for various functional groups in the past,
yielding excellent analytical performance in various
application fields, as pointed out in an exhaustive
review recently published [8]. However, HCF is the sole
chloroformate combining the tolerance for a purely
aqueous reaction medium with the ability to derivatize
several functional groups at once, regardless of their
relative position in the analyte structure.
We attributed such unique reactivity to the hydro-
phobic character of HCF, that prevents its substantial
solubilization in the aqueous phase and, consequently
its fast hydrolysis. The derivatization reaction takes
place at the organic–water interface, provided that
adequate phase mixing is assured. Under such condi-
tions, the kinetics for the derivatization reactions
Address reprint requests to Marco Vincenti, Dipartimento di Chimica
Analitica, Universita` di Torino, Via Pietro Giuria 5, I-10125 Torino, Italy.
E-mail: vincenti@silver.ch.unito.it
* Present address: Department of Chemistry, University of California,
Riverside, CA.
© 1999 American Society for Mass Spectrometry. Published by Elsevier Science Inc. Received April 12, 1999
1044-0305/99/$20.00 Revised July 13, 1999
PII S1044-0305(99)00102-6 Accepted July 13, 1999
proved to be fast enough to favorably compete with the
hydrolysis of HCF [7].
From this assumption, it is presumed that other
chloroformates with hydrophobic character similar to
HCF should also be compatible with purely aqueous
reaction media. Although HCF has the advantage of
being commercially available and demonstrates wide
applicability as a derivatizing agent, it suffers from two
drawbacks, which are critical in ultratrace analysis and
for structurally complex analytes. First, reaction with
HCF adds to the analyte structure either an n-hexyl
group or an n-hexyloxycarbonyl group for each polar
function susceptible to derivatization. When these polar
functions are more than three, the derivative becomes
scarcely volatile. For example, the tetraderivative of
tartaric acid could still be eluted from the GC column at
300 °C under isothermal conditions, but this case rep-
resents a limit, beyond which derivatives are not likely
to be amenable by GC. Second, the detection method of
choice for HCF derivatives is positive chemical ioniza-
tion mass spectrometry, which proved efficient and
structurally informative, but also unselective and insuf-
ficiently sensitive for ultratrace analysis.
As an alternative to HCF, we synthesized
2,2,3,3,4,4,5,5-octafluoropentyl chloroformate (OFPCF)
and tested it as a derivatizing agent for a variety of
highly hydrophilic compounds. In the present work, we
demonstrate that the new agent is even more effective
than HCF in attaining exhaustive derivatization for a
wide range of analytes. Moreover, the two drawbacks
of HCF cited above are overcome by using OFPCF.
Three goals were achieved, namely (i) the sensitivity of
the method was considerably improved and (ii) the
volatility and (iii) molecular weight of the products
were increased. These combined factors lead to detec-
tion limits in the tens of ng L21 (ppt) range. To achieve
these results, electron capture negative ion mass spec-
trometry was employed and the parameters involved in
the derivatization reaction were systematically evalu-
ated. Candidate analytes were selected so as to repre-
sent various classes of hydrophilic compounds impor-
tant in biological and environmental applications, or in
the food industry.
Experimental
Materials
2,2,3,3,4,4,5,5-Octafluoropentyl chloroformate was syn-
thesized using the following reagents and solvent:
2,2,3,3,4,4,5,5-octafluoro-1-pentanol 98% from Aldrich,
pyridine 99% and dibenzyl ether 98% also from Aldrich,
and gaseous phosgene from Praxair (Belgium).
N,N-dicyclohexylcarbodiimide was from Fluka
(Buchs, Switzerland). Hydroxylamine was from Merck
(Darmstadt, Germany). Hydrazine, acetohydroxamic
acid, 2-aminoethanol, 3-aminopropanol, o-, m-, and
p-aminophenols, resorcinol, valine, formamidoxime, O-
methylhydroxylamine, ethyl carbamate, hydroxyure-
thane, n-hexane, and malic, tartronic, and methylma-
lonic acids were from Aldrich (Darmstadt, Germany).
1,1,2-Trichlorotrifluoroethane was from Montefluos
(Milano, Italy).
Synthesys and Characterization of 2,2,3,3,4,4,5,5-
Octafluoropentyl Chloroformate
Phosgene is very toxic and should be handled with
extreme care and under strong aspiration. 300 mL of
solvent (dibenzyl ether) and 30 mL of 2,2,3,3,4,4,5,5-
octafluoro-1-pentanol were introduced into a 500 mL
round-bottom three-necked flask. The flask was intro-
duced into a freezing bath (ice and salt) and the solution
was maintained under continuous magnetic stirring.
Then, 70 g of phosgene were slowly insufflated into the
solution through a tip mounted on one of the lateral
necks. The weight was determined by keeping the
phosgene cylinder on an analytical scale. Lastly, 25 mL
of pyridine was very slowly added to the solution
through a funnel mounted on the central neck of the
flask.
After two hours, the mixture was filtered to elimi-
nate the unsoluble pyridinium chloride formed. The
liquid mixture was subsequently distilled and four
fractions were collected. The second, boiling at 150–
155 °C, contained the desired product, OFPCF. GC
analysis proved that the product was almost pure.
However, OFPCF is rather unstable and should possi-
bly be stored, sealed, and refrigerated at 220 °C. After
daily use of this reagent for 40 days (during which the
OFPCF container was frequently opened at room tem-
perature), we found that about 30% of it was decom-
posed. More careful handling of OFPCF results in an
estimated practical lifetime of 3 months.
OFPCF was characterized by 13C NMR, IR, EI-MS,
and CI-MS spectroscopies. In the 13C NMR spectrum
the carbons of the fluoroalkyl moiety have chemical
shifts in the range of 105–115 ppm, slightly lower than
the corresponding alcohol. A strong signal is present at
65 ppm, attributed to the carbon linked to the oxygen.
The carbon of the carbonyl group produces a weak
signal at 155 ppm.
The infrared spectrum exhibits several bands typical
of ™CF2™ and ™CHF2™ groups. A strong carbonyl signal
appears at 1795 cm21. Peaks at 1128 and 1076 cm21 are
attributed to the C™O bond, and peaks at 807 and 753 to
the C™Cl bond.
The EI mass spectrum exhibits extensive fragmenta-
tion and the molecular ion at m/z 294 is barely detected.
The higher mass fragment (m/z 275, 2%) arises from the
molecular ion by a fluorine radical loss; the isotopic
pattern of chlorine is evident. Peak at m/z 215 corre-
sponds to the octafluoropentyl fragment ion; m/z 145
(100%) corresponds to a rearrangement ion, most likely
CHF2™CF2™COO
1. The positive ion CI mass spectrum is
dominated by the protonated molecular ion (m/z 295,
100%; m/z 297, 34%).
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Derivatization Procedure
Concentrated solutions (1 g/L) of each standard analyte
were prepared using bidistilled water. Analytical solu-
tions of appropriate concentration were prepared daily.
In the optimized procedure, 300 mL of analytical aque-
ous solution were introduced into a small volume (1
mL) conical flask and transferred into an ultrasonic bath
(Branson, model 2200) maintained at 35 °C. To this
solution, 3 mL of 2,2,3,3,4,4,5,5-octafluoropentyl chloro-
formate was added during sonication together with 50
mL of NaOH 1 M. 1 mL of catalyst was subsequently
added using a microsyringe, while maintaining the
mixture under ultrasonic shaking. For trace analysis of
clean solutions, the catalyst was a 1% w/w pyridine
solution of N,N-dicyclohexylcarbodiimide. For large
amounts of analyte, or for dirty matrices, the amount of
catalysts was increased. The reaction was allowed to
proceed for 60 s and then a 300 mL aliquot of n-hexane
was added. The ultrasonic bath was switched off after
another 60 s, and the two phases were allowed to
separate. 1 mL of the hexane layer was immediately
injected into the GC-MS instrument for the analysis.
When lower detection limits had to be obtained, the
hexane extract was separated and concentrated up to 30
times in a conical vial under a stream of nitrogen, before
the analysis.
Instrumentation and Analysis
A Finnigan-MAT 95Q (Bremen, Germany) hybrid mass
spectrometer interfaced to a Varian 3400 gas chromato-
graph (Palo Alto, California) was used in all analysis.
The magnetic mass analyzer was continuously scanned
over the mass range of interest (different for the various
analytes). Isobutane was used as the moderating gas for
ECNI, at a pressure of 50 Pa (0.5 mbar). The electron
energy was set to 200 eV and the electron current to 0.2
mA. The resolution was set to m/Dm 1000 (5% valley)
and the ion source temperature was 200 °C.
A bonded-phase DB-5-MS (5% diphenyl dimethyl
siloxane) capillary column (J&W, Folsom, California),
30 m long, 0.25 mm i.d., 0.25 mm film thickness was
mounted on the GC. 1 mL of sample was injected
splitlessly (30 s), at a temperature of 280 °C. The carrier
gas (helium) inlet pressure was constant at 13 lb/in.2
(’90 kPa). The oven temperature was programmed as
follows: isothermal at 50 °C for 3 min, from 50 to 300 °C
at 20 °C/min, isothermal at 300 °C for 10 min.
Results and Discussion
Optimization of the Derivatization Method
In previous papers, we applied the derivatization with
HCF to a variety of analytes, including (poly)hydroxy-
(poly)carboxylic acids, glycols, aminoalcohols, amino-
acids, polyamines, hydroxylamines, hydroxyphenols,
and aminophenols [4–7]. These classes of compounds
represent approximately the whole set of possible com-
binations of hydroxylic, carboxylic, and aminic groups
in molecules of practical importance and also constitute
a wide basis of small and highly hydrophilic sub-
stances.
In the present work, the new derivatizing agent,
OFPCF, was applied to the same classes of compounds
to check its range of applicability. Several compounds
for each class were selected and subjected to derivati-
zation. As expected in analogy with HCF derivatiza-
tion, carboxylic groups reacted to give 2,2,3,3,4,4,5,5-
octafluoropentyl (OFP) esters by eliminating one
molecule of hydrogen chloride and one molecule of
carbon dioxide, while hydroxylic groups produced OFP
carbonates and aminic groups OFP carbamates. The
three schematic reactions are represented below:
R™OH 1 Cl™COOC5H3F83 R™O™CO™OC5H3F8 1 HCl
R {
R9} NH 1 Cl™COOC5H3F83
R {
R9} N™CO™OC5H3F8 1 HCl
R™COOH 1 Cl™COOC5H3F83 R™COOC5H3F8 1 HCl 1 CO2
In water solution, OFPCF reacts with the active hydrogens of the analytes while simultaneously undergoing
hydrolysis. The reaction scheme is depicted below where OCP carbonate is yielded as the final reaction byproducts:
Cl™COOC5H3F8 1 H2O3 HO™CO™OC5H3F8 1 HCl
HO™CO™OC5H3F8 1 Cl™COOC5H3F83 C5H3F8O™CO™OC5H3F8 1 CO2 1 HCl
The use of most derivatizing agents in aqueous
solutions is prevented by their fast hydrolysis. For HCF
and OFPCF the derivatization kinetics favorably com-
petes with the hydrolytic one and in general the deri-
vatization yields actually decrease in the presence of
organic solvents in the reaction media. This effect is
possibly due to an increased solubilization of the chlo-
roformate, enhancing the kinetics for its hydrolysis. The
effect of the various experimental parameters on the
derivatization efficiency can be viewed in terms of
relative kinetics: a variation of a specific parameter
intended to increase the derivatization kinetics might
also accelerate the undesired hydrolysis to an even
larger extent. This would result in a overall decrease of
the derivatization efficiency.
To optimize the procedure, systematic evaluation of
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the experimental parameters has been undertaken. A
two stage sequence of variations was utilized, starting
from the values published for HCF derivatization [7].
After the first optimization, all parameters were varied
again one at a time, defining a second set of values. The
main criterium for the experiment was to maximize the
derivatization products obtained from three candidate
analytes (butyric acid, 1-pentanol, and 1-butylamine),
relative to the main reaction byproduct, OFP carbonate.
The analytes were selected so as to carry only one
derivatizable functional group, in order to avoid com-
plicating effects such as multiple reaction products and
consequent incomplete extraction. A brief discussion of
the experimental parameters checked is presented below.
(i) Sequence of derivatization steps. The step se-
quence optimized for HCF and reported in [7] was
used. The derivatizing agent introduced into the reac-
tion media before the catalyst proved optimal (fourfold
yield improvement) also for the derivatization with
OFPCF. The catalyst was introduced gradually under
ultrasonic shaking.
(ii) Amount of OFPCF. The amount of OFPCF intro-
duced into 300 mL of analytical solution was varied
from 0.3 to 30 mL. The derivatization yield increased
with the amount of OFPCF up to 3 mL, then leveled off,
but the amount of hydrolysis byproducts kept increas-
ing continuously. Therefore, a 3 mL OFPCF addition
was maintained in the optimized procedure.
(iii) Amount of catalyst (pyridine). This proved to be
an important parameter. Variation of pyridine from 0.5
to 30 mL demonstrated that the lowest amounts (0.5–1
mL) maximize the derivatization yields and minimize
the byproducts. A quantitative description of such
effect is provided in Figure 1. 1 mL of pyridine was used
in the optimized procedure.
(iv) Reaction temperature. All reaction products
tended to slightly increase with temperature from 15 to
45 °C in the thermostatic bath of the derivatization. For
practical purposes, this proved not to be a critical
parameter.
(v) Duration of ultrasonic shaking. Efficient phase
mixing is necessary for the derivatization, as OFPCF is
hydrophobic, whereas the analytes are hydrophilic. With-
out ultrasonic shaking the derivatization yields were
scarce and highly irreproducible. Optimal sonication
time, during which the reaction occur was found to be
60 s. Longer sonication times had virtually no effect.
(vi) pH of the analytical solution. Active hydrogens
are removed from the analytes during the derivatiza-
tion process, most likely in the form of protons. Thus, a
pH dependence was expected. Approximately, a five-
fold increase in the derivatization products was ob-
served when the pH was raised from 2 to 12, with no
further effects at higher pH values. A moderately basic
analytical solution is optimal for the derivatization.
(vii) Presence and amount of the dicyclohexylcarbo-
diimide (DCC). The positive effect of DCC in HCF
derivatization has been discussed in a previous study
[7]. Similar improvement of the derivatization yields
was also observed with OFPCF. Best results were
obtained when DCC was directly dissolved in pyridine
at 1% w/w concentration. Because the main role of
DCC is as a coupling agent, higher than necessary DCC
concentrations are likely to enhance hydrolytic pro-
cesses over derivatization. However, DCC is consumed
in both reactions. Thus, the amount of DCC needed to
promote derivatization necessarily depends on the total
amount of all derivatizable species present in the reac-
tion medium. This means that determinations in com-
plex matrices are likely to require a higher amount of
DCC than in diluted solutions of pure standards, de-
pending on how many interfering compounds in the
matrix are able to react with OFPCF. Direct dependence
of the optimal DCC concentration on the amount of
OFPCF and catalyst used has also to be expected. In
trace analysis and diluted water solutions (for example,
environmental water samples), about 10 mg of DCC has
to be used in combination with 1 mg of pyridine, 3 mL
of OFPCF, and 300 mL of aqueous solution. In concen-
trated solutions (for example, food and beverages), the
best conditions have to be determined specifically.
(viii) Type and amount extraction solvent. Despite
the high fluorine content of all derivatives, n-hexane
proved to be a better extraction solvent than 1,1,2-
trichlorotrifluoroethane. From 300 mL of water solution,
complete extraction of the derivatives was obtained
using 100 mL of n-hexane, leading to a three-times
concentration of the analytes. However, it is preferable
to use 300 mL of n-hexane and to concentrate the extract
to the desired volume, provided that the derivatives are
not too volatile.
Derivatization Products
All the compounds tested, which proved to react with
HCF, were successfully derivatized also by OFPCF. In
Figure 1. Area counts obtained from injecting reaction mixtures
containing different amount of pyridine catalyst. Integrated peaks
include butyric acid and 1-pentanol derivatization product and
2,2,3,3,4,4,5,5-octafluoropentyl carbonate, the main derivatization
byproduct.
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the same way, urethane failed to react with both chlo-
roformates. In general, the reactivity of HCF and OF-
PCF appeared to be very similar, although accurate
reaction yields could not be determined, as already
discussed in a previous paper [4] (see also below). Table
1 reports the candidate analytes on which the derivati-
zation by OFPCF was tested, together with their origi-
nal molecular weight, the number of OFP groups
present in the corresponding derivative, their final
molecular weight and the ions used for their mass
spectrometry determination.
The first aspect of the derivatization by OFPCF that
appears to be new with respect to HCF is that complete
substitution of all polar hydrogens in the analytes is
accomplished, with formation of single derivatization
products. This enhanced reactivity is due to the elec-
tron-withdrawing effect of the fluorine, which activates
the carbonyl group. For example, all aminophenols and
aminoalcohols were converted into the corresponding
OFP triderivative and hydrazine into the tetraderiva-
tive. In contrast, derivatization by HCF of hydrazine
and aminoalcohols produced the biderivative, and that
of aminophenols gave rise to a mixture of products,
including the biderivative, the monoderivative and, in
the case of 2-aminophenol, a cyclic carbamate and some
percentage of triderivative [7]. Hydroxycarboxylic ac-
ids, glycols, phenols, and hydroxylamines underwent
complete substitution of polar hydrogens with both
chloroformates.
The complete substitution of all active hydrogens in
the analyte structure, accomplished by OFPCF, with
formation of only one product, constitutes strong evi-
dence that the derivatization yield is close to 100%. In
fact, lower reaction yields would have left the less
reactive among the functional groups considered (hy-
droxylic and aminic groups) partially unsubstituted,
with formation of multiple products. It is also worth
noting that the incomplete substitution of small mole-
cules, such as hydrazine, in the derivatization by HCF
could not be due to steric hindrance, as much more
bulky substituents are introduced in the tetraderivatiza-
tion accomplished by OFPCF.
A striking feature of OFPCF derivatization is the
dramatic increase of the analyte molecular weight (Ta-
ble 1). The most extreme variation is represented by
hydrazine, whose molecular weight passes from 32 to
1064 Da. For the other substances tested the molecular
weight increases from below 150 to 500–1000 Da. This
large increment of molecular weight is generally bene-
ficial, as is reflected in mass spectra dominated by
high-mass ions. In high-mass ion chromatograms inter-
fering peaks are more seldom encountered than in
low-mass ion chromatograms and the background
noise in both mass spectra and ion chromatograms
decreases with increasing the mass. Moreover, spread-
ing of analytical signals over a wide mass range con-
tributes to reduce the chance of interferences due to
isobaric peaks. From all these factors, the mass spectral
noise is reduced and a quite large increase of the
signal-to-noise ratio is derived, especially in the case
that a magnetic mass analyzer and a high voltage
conversion dynode are utilized to detect the negative
ions, as in the present work.
Unlike HFC derivatives, the molecular weight incre-
ment determined by the derivatization does not pro-
duce a decrease in the product volatility, as expected for
Table 1. List of the analytes tested, grouped in five classes, their chemical structure, their molecular weight (MW), the number of
substituents introduced with the derivatization, the molecular weight of their derivative, and the negative ions characteristic in their
mass spectra that are used in the analysis. Useful derivatization products were obtained for all analytes, except ethyl carbamate
Structure M.W. Substituents Derivative M.W. Analytical ions
Hydroxyacids
Methylmalonic acid HOOC™CH(CH3)™COOH 118 2 546 545 [21]
Tartronic acid HOOC™CHOH™COOH 120 3 806 531 [2275] 805
Malic acid HOOC™CHOH™CH2™COOH 134 3 820 544 [2276]
Aminoalcohols and Aminoacids
2-Aminoethanol NH2™CH2™CH2™OH 61 3 835 576, 532 [2303]
3-Aminopropanol NH2™CH2™CH2™CH2™OH 75 3 849 617 [2232]
Valine (CH3)2™CH™CH(NH2)™COOH 117 3 847 588 [2259] 349
Hydroxylamines and Hydrazine
Hydroxylamine NH2™OH 33 3 807 548 [2259] 532
O-Methylhydroxylamine NH2™O™CH3 47 2 563 532 [231] 304
Formamidoxime HO™N¢CH™NH2 60 3 834 559 [2275] 299
Hydrazine NH2™NH2 32 4 1064 805 [2259] 532
Hydroxyphenols and Aminophenols
o-Aminophenol 109 3 883 624 [2259] 365
m-Aminophenol 109 3 883 624 [2259] 350
p-Aminophenol 109 3 883 624 [2259] 365
Resorcinol 110 2 626 582, 367 [2259]
Carbamates and amides
Acetohydroxamic acid HO™NH™CO™CH3 75 2 591 548 [243]
Ethyl carbamate (urethane) NH2™COO™C2H5 89
Hydroxyurethane HO™NH™COO™C2H5 105 2 621 548 [273]
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highly fluorinated substituents. Therefore, elution of
the derivatives from the GC column generally occurs at
quite low oven temperature (Toven). For example, the
GC retention time of tartronic and malic acid HCF
derivatives are 16.85 and 17.35 min, respectively (Toven
reaches 300 °C isothermal at 15.50 min), whereas the
retention time of tartronic and malic acid OFPCF deriv-
atives are 11.75 and 12.35 min, respectively (Toven 5
225 and 237 °C), using the same Toven programming
described in the Experimental section. This increased
volatility extends the range of substances to which the
derivatization is applicable and represents a clear ad-
vantage of the present procedure with respect to HCF
derivatization.
Mass Spectra
The main reason for preparing OFPCF derivatives,
instead of HCF derivatives, is that the large number of
fluorine atoms introduced in the analyte structure con-
fers extremely high electron affinity to the derivatives,
allowing the remarkable sensitivity and selectivity of
ECNI-MS to be exploited. The fragmentation observed
in the ECNI mass spectra of OFPCF derivatives is
generally extensive, especially when a relatively high
ion-source temperature has to be maintained, to pre-
vent condensation of the products eluted from the GC
column. For volatile derivatives a lower ion-source
temperature can be more successfully adopted. In any
case, the fragmentation does not prevent an effective
detection of the analytes, as abundant high-mass frag-
ments are present in the spectra of all OFPCF deriva-
tives, which can be utilized as product markers in
selected ion monitoring experiments and in single ion
chromatogram plots. For example, Figure 2 shows the
single ion chromatogram of the fragments most charac-
teristic for tartronic, malic, methylmalonic acids and
valine. These characteristic fragments, useful for the
detection of each derivative, are listed in Table 1,
together with the corresponding neutral loss.
From Table 1, it can be noted that the fragmentation
pathway is not the same for all derivatives, but partly
depends on the chemical structure of their precursors.
Even if some structural characterization can be pre-
sumed by these compound-specific fragmentations,
some uncertainty may be introduced when the analyte
has to be identified, because the molecular ion is
missing. From ECNI mass spectra alone, even the
structure of the derivative originated from a known
analyte could be misinterpreted. For example, the ECNI
mass spectrum of some derivatives exhibits a peak
corresponding to the loss of one hydrogen atom [M 2
H]2 from the molecular ion, while many others have
the [M 2 259]2 ion (corresponding to the loss of one
octafluoropentyloxycarbonyl group) as the base peak
and the one with the highest mass in the spectrum.
From these results alone, it is impossible to determine
how many polar hydrogens of the original compound
underwent derivatization.
The molecular weight information, missing in ECNI
mass spectra, is easily obtained from the positive CI
mass spectra, as a protonated molecular ion base peak
with very little fragmentation. Figure 3 reports two
examples of positive and negative ion mass spectra
relative to tartronic acid and hydroxylamine deriva-
tives. For tartronic acid, the peak at m/z 805 [M 2 H]2
in the negative mode indicates a molecular weight of
806 u, but the fragment m/z 531 [M 2 COOC5H3F8]
2 is
much more abundant. In the positive ion mode, the
peak m/z 807 [M 1 H]1 dominates the mass spectrum.
From the ECNI mass spectrum of hydroxylamine de-
rivative it would have been impossible to tell whether
its molecular weight is 549 or 807 u, but the positive ion
CI mass spectrum clearly indicates that hydroxylamine
has been derivatized on all (three) active hydrogens.
The almost absolute lack of fragmentation in the posi-
tive ion CI mass spectra of OFPCF derivatives contrasts
not only with the corresponding ECNI mass spectra,
but also with the positive ion CI mass spectra of HCF
derivatives, in which fragment ions are always present
and occasionally predominant.
As mentioned above, it is not easy to predict the
fragmentation pattern observed in ECNI mass spectra
of OFPCF derivatives from their chemical structure.
From the data collected in Table 1, it can be advanced
that doubly substituted aminic groups predominantly
fragment by loss of octafluoropentyloxycarbonyl radi-
cals [M 2 259]2, whereas singly substituted alcoholic
hydroxyl groups release also the alcoholic oxygen on
the neutral fragment [M 2 275]2. Substituted phenolyc
hydroxyls are likely to fragment similarly to the aminic
groups giving [M 2 259]2 ions, because the phenolic
oxygen is more strongly bound to the aromatic struc-
ture. Substituted carboxylic groups (actually octafluoro-
pentyl esters) are likely to be more stable and not as
likely to undergo fragmentation. Quite peculiar is the
fragmentation process of hydroxyurethane and aceto-
hydroxamic acid derivatives, which release the sub-
structure not involved in the derivatization, respec-
tively an ethyloxycarbonyl and an acetyl group.
Notably, these groups do not contribute to the electron
affinity of the derivatives.
Analytical Performance
In most laboratories, trace analysis by GC-MS is per-
formed using SIM with quadrupole mass analyzers. In
contrast, we worked with a magnetic mass spectrome-
ter, run in the continuous scanning mode. SIM experi-
ments performed by magnetic instruments require ref-
erence mass peaks to be matched against the analyte
peaks of interest. These reference compounds are usu-
ally perfluorocarbon or perfluoroether mixtures. In the
negative ion mode, these compounds strongly compete
with the analyte derivatives for thermalized electrons.
A dramatic decrease of both sensitivity and reproduc-
ibility arises from this competition. After comparative
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experiments, we decided to run the mass analyzer
under continuous scanning, without reference sub-
stances. In a previous work [7] we obtained comparable
sensitivities using a quadrupole mass analyzer in the
SIM mode or a magnetic instrument under continuous
scanning.
Another element influencing the detection limits is
the concentration factor. It is generally possible to
concentrate 300 mL of n-hexane extract to 10 mL by a
stream of nitrogen. 1 mL of the resulting solution is then
injected into the GC. Of course, this concentration step
does not improve the detection limits in terms of
absolute amount, but makes them 30-times lower in
terms of the starting analyte concentration.
In the nonconcentrated extracts, the detection limits
varied from 300 ng/L (obtained in the negative ion
polarity for polyhydroxyacids, resorcinol, hydrazine,
and hydroxylamine) to 3 mg/L (obtained for aminophe-
nols, valine, and N,O-dimethylhydroxylamine). After
30-times concentration, the detection limits ranged from
10 ng/L (ppt) to 300 ng/L (ppt). In Table 2 the detection
limits are expressed as absolute moles of analyte, as
injected in the GC-MS system. These detection limits are
calculated from the single ion chromatograms, and
correspond to peak heights approximately five-times
larger than the noise. These values range from 3 to 50
fmol and depend on a variety of factors, including the
number of OFP groups attached to the derivative (i.e.,
Figure 2. Reconstructed ion current (RIC) and reconstructed ion chromatograms (m/z 531, 544, 545,
805) obtained from derivatization of a 50 mg/L mixture of valine and tartronic, malic, and
methylmalonic acids. The large peak at retention time 11:07 represents the main derivatization
byproduct, OFP carbonate, due to the chloroformate hydrolysis.
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the cross section for electron capture), the type of
fragmentation, the presence of background noise or
interferences in the specific ion chromatogram, and
many others.
Calibration curves were calculated in bi-logarithmic
plots, in order to have homogeneous distribution of
data points along the graph. The correlation coefficient
for the calibration curve of each standard analyte is
reported in Table 2, together with its slope and the
corresponding standard deviation. For nonconcen-
trated hexane extracts, linear calibration diagrams were
determined for all analytes from the integrated peaks in
the ion chromatograms, in the concentration range
between the detection limit and 300 mg/L.
As in the derivatization with HCF, repeatability is
excellent, provided that all the experimental conditions
are controlled with extreme care, the ultrasonic shaking
and the time sequence being the most critical parame-
ters to be checked. Other sources of variation in the
long-term analytical response are the conditions under
which the chemical ionization chamber works. The
ion-source temperature, the actual pressure of the mod-
erating gas, and, above all, the occasional contamina-
tion of the chamber are important conditions in any
negative-ion CI-MS analysis, but are especially critical
in the present procedure, as they have direct influence
on both the total ion signal and the extent of fragmen-
tation, both being reflected in the abundance of the
fragment ion to be monitored in the quantitation. Fre-
quent (i.e., weekly) calibration and daily control injec-
tions are necessary to obtain accurate determinations.
Application of OFPCF derivatization to specific ma-
trices is not presented in this work, which deals with the
general method development. Quantitative determina-
tion of target compounds in specific environmental or
biological matrices may require minor adjustments of
the analytical strategy, such as those we used to deter-
mine polar substances in wine [5] and river water [6]
samples by HCF derivatization. As the calibration plots
proved linear, target compound analysis in real matri-
ces may take advantage of the isotope dilution GC-MS
technique. An isotopically labeled internal standard
would be derivatized and ionized with the same effi-
ciency and yield as the unlabeled analyte, providing
extremely accurate determination of the latter.
Figure 3. Positive and negative chemical ionization mass spectra of the (a) tartronic acid
2,2,3,3,4,4,5,5-octafluoropentyl chloroformate tri-derivative and (b) hydroxylamine 2,2,3,3,4,4,5,5-
octafluoropentyl chloroformate tri-derivative.
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Conclusion
The analytical procedure described in the present paper
is intended to be applied to the general problem of
organic trace analysis in aqueous solution. The micro-
bial, chemical, and photochemical degradations of or-
ganic pollutants generally produce intermediates which
are more polar and hydrophilic than the original sub-
strates. Although their accurate determination is crucial
for the comprehension of the pollutant evolution and
fate, little is generally known on any degradation inter-
mediate that cannot be extracted into an organic sol-
vent. The same problem occurs for the disinfection
byproducts in drinking water. Wide application of the
present derivatization procedure is likely to be found in
these fields, since it combines the unique property of
working directly in the water matrix with the extreme
sensitivity of ECNI-MS detection for perfluorinated
derivatives. However, the fragmentation processes ob-
served in ECNI mass spectra involve in most cases the
substituents introduced in the course of the derivatiza-
tion, providing no additional information on the ana-
lyte structure than the molecural weight and the num-
ber of active hydrogens, susceptible to derivatization.
Thus, the main profit from this procedure for qualita-
tive analysis has to be found in the verification, at
extremely low concentration level, of alleged molecular
structures. Quantitative analysis is also made possible
by the constant efficiency, good repeatability, and linear
response of both derivatization and analysis.
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